We present a scheme to produce shockwaves in quantum fields by means of pretimed emitters. We find that by suitably pre-entangeling the emitters, the shockwave's energy density can be locally modulated and amplified. When the large amplitudes in such a shockwave are used for communication, the channel capacity depends not only on the signal-to-noise ratio but also on the effect that the entanglement of the emitters has on the correlations in the signal and in the quantum noise at the receiver. As a consequence, by choosing the entanglement of the emitters, the flow of information in the shockwave can be modulated and spatially shaped to some extent independently of the flow of energy. We also find that there exists a finite optimal strength of the coupling between the receiver and the quantum field which optimizes the channel capacity by optimizing the tradeoff between sensitivity to the signal and sensitivity to the coupling-induced quantum noise.
The phenomenon of shockwaves has been studied in contexts from the sonic boom to shockwaves in superfluids or Bose-Einstein condensates [1] [2] [3] [4] . In this Letter, we introduce a type of quantum shockwave that can in principle be created even in empty space. To create a shockwave in empty space, we use the fact that, even though no systems can travel faster than the speed of light in vacuum, a suitable line-up of spatially separated quantum emitters, each of which can be at rest, can be pre-timed to successively start emitting into the quantum field in such a way that the sequence of these emitter activations moves superluminally. These emissions can accumulate coherently, creating a shockwave in the quantum field. Such shockwaves are of interest regarding the theoretical limits to the propagation of information through quantum fields and could also possess practical applications, e.g., in quantum communication.
In particular, we ask if shockwaves produced in this way possess features that have no analog in classical shockwaves. Indeed, we find that by suitably preparing the emitters in an entangled state, it is possible to modulate and thereby to locally enhance the shockwave's energy density and information carrying capacity. Further, we observe that the information flow does not completely track the energy flow. Technically, this is because the energy flow is sensitive only to bi-partite entanglement among the emitters while the information flow is sensitive to all of their multi-partite entanglement. We also find that, on the receiver's side, the channel capacity is optimized for a specific finite coupling strength between the receiving quantum system and the field. A further increase of the coupling would be detrimental due to a disproportional increase of receiverinduced quantum noise.
Setup.-For simplicity, we model the emitters as localized two-level systems, so-called Unruh-DeWitt (UDW) detectors, which can be thought of as simplified descriptions of atoms, molecules or ions [5] and we couple these UDW detectors to a scalar quantum field. It is known that this model captures the basic features of the light-matter interaction as long as the exchange of angular momentum does not play a prominent role, see, e.g., [6] [7] [8] . Further, we will make use of the idealization that the emitters interact with the field only very briefly. This will allow us to obtain results non-perturbatively. For these methods, see, e.g., [9, 10] . Concretely, we consider a free scalar field in 3+1 dimensional Minkowski spacetime and an array of n generally spacelike separated UDW detectors that will serve as emitters, and one UDW detector that will serve as a receiver.
We model the interactions of the detectors with the field through the Unruh-DeWitt interaction Hamiltonian [11] [12] [13] . Concretely,
is the interaction Hamiltonian of the i-th detector. Its centre of mass is at position x (i) and it interacts with the field for the amount of time determined by the switching function χ (i) (t). We choose the interaction to be very short by modeling it using a Dirac delta as the switching function,
is the spatial smearing function of the UDW detector. (Recall that here, in 3+1 dimensions, the interaction of an UDW detector with the field must be smeared in space or time in order to avoid ultraviolet divergences [12, 13] , and that in the light-matter interaction, the smearing functions are given by a product of the atomic wavefunctions of the ground and excited states [6, 8] .) We choose the spatial profile of the detector to be a sphere of radius R = 1/2 centred at
Further,μ (i) (t) is the monopole moment operator of the i-th detector, 
Quantum shockwave.-Our aim now is to show that, with suitably-timed coupling of the UDW detectors to the field, the field will become excited in the form of a shockwave and that the shockwave is modulated by the choice of the initial entanglement among the emitters. To track the shockwave we first track the energy flow in the field by calculating the expectation value of the energy density Ψ|Û † (t) :
where for now we assume the total state |Ψ of the emitters and the field to be pure. We work in the interaction picture, where the time evolution operator for states is given bŷ
where T represents time ordering andĤ (T )
Since the emitters are chosen to be spacelike separated, their interaction Hamiltonians commute and we can write the time evolution operator as a product of n smeared displacement operators:
with Θ (i) := Θ(t − t (i) ). To obtain the expectation value of the stress-energy tensor for a general initial state |Ψ we useÛ
where we used the notationÛ :=Û (t). We define for j ∈ {0, 1, 2, 3} functions A(x, t,
(8) so that we then obtain:
For simplicity, for j ∈ {1, 2, 3}, we used the notation
Here, α s is given in (4) and
∂ j e i(|k|t−k·x) . We are now ready to calculate the energy flow of the shockwave and, in particular, to compare the case of unentangled emitters to the case of entangled emitters. We consider the example of n emitters that are prepared in a coherent superposition of states in which one of the detectors is excited, given by the entangled pure state
(10) The field is in the ground state |0 so that |Ψ = |W ⊗|0 .
For comparison, we choose the initial state of the emitters to be instead the corresponding incoherent superposition in which one of the detectors is excited, with density matrix:
The field is again prepared in the ground state so that the total state is nowρ ⊗ |0 0|. In Fig.1(a) , we show the start of the buildup of the shockwave for n = 3 colinear emitters. The spatially extended emitters have spatially extended light cones. Notice that wherever the light cones do not overlap, each light cone displays an energy density distribution which, as expected, is peaked at the leading and trailing edges of the light cone, due to the suddenness of the emitters' coupling to the field. Fig.1(b) shows a key result, namely that in the region where the emitters' light cones overlap, i.e., where the shockwave is forming, the choice of the emitters' entanglement modulates the energy density. Notice that a shockwave also forms for initially unentangled emitters of which only one is excited, as given in (11) . The reason is that even a single emitter in its ground state can excite the field, due to the time dependence of its coupling. Channel capacity.-Let us now calculate the channel capacity for the communication channel between one sender, which consists of a collection of UDW detectors called Alices (which may or may not be initially entangled) which together emit a quantum shockwave, and one receiver, consisting of an UDW detector called Bob. We choose Bob's detector to have the same spatial profile and energy gap as each of the Alices. We choose the coding scheme such that the Alices collectively send out a logical "1" by means of all Alices coupling to the field so as to create a shockwave, while the Alices encode a logical "0" by not coupling to the field. Bob's initial state |ϕ B is the ground state and Bob later registers a logical "0" or "1" by measuring his σ z operator to find it in either the ground or excited state respectively, similar to the scheme used in [14] between one Alice and one Bob. To obtain the channel capacity, we first calculate Bob's excitation probability, p B (t), after the Alices which have been prepared in an entangled pure state, |ϕ A , have coupled to the field. To this end, we calculate the expectation value of Bob's observableQ B = |e e|, as a function of space and time, when the total initial state is |Ψ = |ϕ A |ϕ B |0 f :
HereÛ A andÛ B are the contributions to the evolution operator from the Alices and Bob according to (6) and
.
Eq.(12) simplifies to
Here,
. We refer to p B (t) as p e if the Alices are initially in an entangled state and then couple to the field (to send a logical 1), and q e when they do not couple (to send a logical zero). The analogous calculation for the case where the Alices are initially in an unentangled and in this sense classical state yields the probability p c that Bob gets excited if the Alices couple to the field and q c when they do not. In both cases, by applying the coding scheme above, we obtain a so-called binary symmetric channel whose channel capacity, C, is obtained as [15] 
where Fig.2(a) , we show the example of four Alices prepared in a pure entangled state (10) . The channel capacity between the Alices and Bob is shown as a function of the position of Bob in the (x, y) plane, at a fixed time. Fig.2(b) shows the same as Fig.2(a) but for a different choice of pre-entanglement, demonstrating an enhancement. Fig.2(c) shows the difference in the capacity between the case of Fig.2(b) where the Alices are initially entangled and the case where the Alices start instead in the corresponding incoherent superposition (11) . The plot demonstrates that entangling the emitters can be used to locally enhance the channel capacity of the shockwave over the case of no pre-entanglement. So far, we showed that by entangling the Alices, it is (10) with θ1, θ2, θ3, θ4 = 0 and located along the x axis at x1 = 5, x2 = 6.5, x3 = 8, x4 = 9.5. They couple to the field respectively at t1 = 1, t2 = 2, t3 = 3, t4 = 4 with coupling constants λ1, λ2, λ3, λ4 = 0 or 1 depending on whether a logical 0 or 1 is to be sent. Bob couples to the field at tB = 8 with coupling constant λB = 2. (b) Same as in (a), except that θ1, θ2 = 0, θ3, θ4 = π, which is seen to yield a higher peak of the channel capacity. (c) Plot of ∆C = Cen−C cl , the difference between the channel capacities when the four Alices start in the state (10) with θ1, θ2 = 0, θ3, θ4 = π versus the corresponding unentangled state (11) , showing the quantum enhancement.
possible to locally modulate both the energy density and the classical channel capacity of the shockwave. Further, we observe in equations (9) and (14) that the choice of entanglement of the Alices modulates the information flow differently from the energy flow, i.e., the information flow does not entirely track the energy flow. To see this, we notice that (9) contains only products of two monopole operatorsμ (i) (ultimately becauseT 00 is quadratic inφ) while (14) contains products of up to all n monopole operators (because the exponentiated Bob-field interaction Hamiltonian from (5) contains all powers of the field). This implies that the energy flow is modulated only by bi-partite contributions to the entanglement of the Alices while the information flow is modulated by all multi-partite entanglement among the Alices. We conclude that for senders consisting of multiple pre-entangled emitters such as our Alices, the information flow as measured by the channel capacity possesses a spatial distribution which is richer than what is captured by the "signal strength" as measured by the energy density.
In principle, of course, the sender can always increase both its energy emission and its ability to transmit information not only by recruiting more Alices but also by increasing the effective couplings λ (i) of the Alices to the field, as far as an experimental realization allows this. Interestingly, however, when the coupling, λ B , of the receiver, Bob, to the field is ramped up from zero, i.e., when Bob's receiver is made more and more sensitive to the field and therefore to the Alices' signal then the channel capacity increases only initially. Eventually, as λ B is increased, Bob's exposure to the noise created by Bob's coupling to the field becomes dominant over Bob's sensitivity to the Alices' signal and the channel capacity starts to drop. This is because, for very large λ B , Bob's excitation probability after coupling to the field will be close to 0.5 essentially irrespective of the Alices' emissions. Indeed, as shown in Fig.3 , our nonperturbative calculation demonstrates that there exists a finite optimal coupling strength for Bob that maximizes the channel capacity. 1. × 10 -8 Figure 3 . Channel capacity as a function of Bob's coupling strength λB, for two values of coupling strengths of four Alices, λA i = 1 and λA i = 2. Bob is located at x = 4.5, y = 11 in the (x, y) plane and the Alices are located along the x axis as in Fig.2 . Bob's optimal coupling strength appears to be independent of the Alices' coupling and therefore of the signal strength.
Outlook.-The present setup generalizes to the creation of shockwaves in any quantum field in any medium and, in principle, even to the generating of gravitational shockwaves. While it is not possible to shield gravity, individual masses (that may be pre-entangled) could be moved with suitably prearranged timing. A very interesting challenge will also be the study of quantum channel capacities for quantum shockwaves, or their capacity to transmit pre-existing entanglement with ancillas. It will also be interesting to determine how the coupling strength λ (opt) B that optimizes the channel capacity depends on Bob's switching and smearing functions as well as on Bob's energy gap. Also, it remains to determine the optimal choice of the Alices' entanglement for maximizing the energy density or the channel capacity, respectively. Notice that the quantum shockwaves here also admit entirely nonclassical coding schemes that encode logical bits not as usual, e.g., by amplitude of frequency modulation but instead by entanglement modulation, i.e., by varying exclusively the pre-entanglement of the Alices. Further, when operated in time reversal, the quantum shockwave scheme may be useful for quantum measurements such as superresolution, e.g., for telescopes or microscopes, essentially by using pre-entangled systems that play the role of camera pixels whose sensitivity window is suitably timed. In fact, our setup here naturally generalizes to schemes in which the sender and the receiver recruit not only multiple Alices but also multiple Bobs, in analogy to classical MIMO wireless systems which are today in ubiquitous use [16] [17] [18] [19] [20] . While classical MIMO allows one to increase the capacity by using phases, the quantum setup will allow further modulation and enhancement through entanglement, which may also be useful for quantum cryptographic purposes. Experiments on the new type of quantum shockwave may already be possible using superconducting qubits coupled to microwave transmission lines. There, a potentially sufficiently high degree of control has been achieved in the ability to couple quantum emitters non-locally [21] , as well as very fast and ultra-strongly [22, 23] . In particular, we here used Dirac delta switching functions which enabled us to obtain exact results, non-perturbatively. Indeed, for superconducting qubits, the regime of delta switching functions can be approached since the interactions can be varied at scales that are much faster than the inverse of the qubit frequency [24] .
